From a cDNA clone bank prepared from cadmium-treated HeLa cells, we isolated clones representing mRNAs whose concentration is increased after cadmium induction. Several metallothionein cDNA clones were isolated by cross-hybridization to mouse metallothionein-I cDNA. The nucleotide sequence of one of these clones, containing a nearly full-length cDNA copy of human metallothionein-II mRNA, was determined. The homology between the human and mouse metallothionein sequences is strictly limited to the coding region of the mRNA. Codon usage in metallothionein mRNA is not random. Seventy-nine percent of the codons have G or C residues at the third position, resulting in a GC-rich sequence.
INTRODUCTION
Metallothioneins (MT) are a family of low-molecular-weight, heavy metal binding proteins, characterized by a high cysteine content and the lack of aromatic amino acids. Metallothioneins bind 6 to 7 moles of heavy metals, such as Zn, Cd, Cu and Hg, per mole of protein. They are ubiquitously distributed in the animal and plant kingdoms and are also found in prokaryotes (1) . Human MTs have been isolated from the liver, where they are present as two major forms known as MT-I and MT-II (2) . The regulation of human MT synthesis has been studied in several human cell lines, including the well characterized HeLa cells. in HeLa cells, MT synthesis can be induced by either Zn ++ or Cd ++ (3) and by glucocorticoid hormones (4) . In the past we have shown that either heavy metals or glucocorticoids are "primary" inducers (5) of the genes and lead to a rapid increase in the amount of translatable MT mRNA (6) . In order to investigate the molecular mechanisms regulating MT genes' expression, it is necessary to have specific hybridization probes for the genes and the mRNAs. In this commun-ication we describe the molecular cloning and primary structure of the mRNA for human MT-II.
MATERIALS AND METHODS
Total RNA was extracted by the method of Chirgwin J2t a±. (7) from HeLa cells maximally induced to synthesize MT by incubation in 10~^M CdCl and 10 M cycloheximide for 8 hr before harvest (5, 6) . Poly( A)-containing RNA was selected by hybridization to oligo(dT)-cellulose (8) and used as template for the synthesis of double-stranded cDNA by sequential reverse transcriptase reactions. After removal of hair-pin loops by S nuclease digestion, homopolymeric tracts (tails) with an average of 12 dCMP residues were added to the 3 1 termini of the cDNA by incubation with terminal transferase (Ratcliffe) and dCTP (9) . The double-stranded, dCMPtailed cDNA sequences were annealed to plasmid pBR322 DNA, previously linearized with restriction endonuclease Pst I (BRL) and 3'-tailed with an average of 10 dGMP residues. The resultant chimeric plasmid DNA was used to transform E_. coli RRI. The yield of recombinant colonies was 4 x 10^/p.g cDNA, greater than 90$ being of Amp s , Tet r phenotype. Bacterial colonies containing recombinant plasmids were grown and fixed on 0.45-p. nitrocellulose filters, essentially as described by Grunstein and Hogness (10) . Duplicate filters were hybridized with J P-labelled cDNA synthesized from poly(A)-containing RNA from either induced or uninduced HeLa cells, as described above. Twenty-four colonies were judged by radioautography to give a stronger hybridization signal with induced cDNA. Plasmid DNA was prepared from each of these colonies and digested with Bam HI and Ava II. Four colonies were found to contain a Bam HI site within the cloned insert sequence and also to hybridize relatively strongly with a restriction fragment of a cloned mouse MT-I cDNA (ll) containing only coding sequences. The identity of these sequences as coding for human MT was verified by nucleic acid sequence analysis.
RESULTS AND DISCUSSION
Construction and isolation of the cDNA clone Maximal levels of MT-mRNA are achieved 8 hr after addition of 10~^M Cd ++ to HeLa cells (6) . The level of translatable MT-mRNA can be further increased by inclusion of 10 M cycloheximide during the induction period (5)-Under these conditions, MT-mRNA is estimated to constitute about 2$ of the mRNA. The starting material for the cloning experiment was total RNA isolated from HeLa cells, induced with Cd and cycloheximide as described above. Messenger RNA was selected by oligo(dT)-cellulose chromatography (8) and served as template for the synthesis of double-stranded cDNA, which was subsequently cloned into the pst I site of the cloning vehicle pBR322, as described in Methods.
Seven hundred of the resultant recombinants were initially screened by colony hybridization (10), using a nick-translated (12) mouse MT-I cDNA probe (kindly provided by Dr. Richard Palmiter). We failed to detect signals significantly higher than background-a result that was not too surprising since the mouse MT-I cDNA hybridizes to a large number of sequences in the mouse genome (11) and weakly cross-hybridizes to a large number of human sequences as well (R. Palmiter, personal communication). Therefore, we have used a less direct approach for the detection of human MT-mRNA clones. Single-stranded -1 P-cDNA probes were transcribed from poly(A) + -RNA from induced and uninduced HeLa cells.
The mRNA from the induced cells should have an approximately 50-fold higher content of MT-mRNA than control cells (6) . A clone containing MT-cDNA sequences should therefore preferentially hybridize with the "induced" -' P-cDNA probe. After hybridization of duplicate nitrocellulose filters with "induced" and "uninduced" 32 P-cDNA probes, 24 positive colonies were selected by virtue of stronger hybridization signals with induced over uninduced probe (Fig. 1) .
The amino terminal of all mammalian MTs sequenced has the structure N-Acetyl-Met-Asp-Pro. The corresponding nucleotide sequence is therefore either ATG GAC CCN or ATG GAT CCN, containing, respectively, either an Ava II or a Bam HI restriction endonuclease recognition site. Restriction endonuclease mapping of the selected plasmids revealed that none of the insert sequences contained an Ava II site, whereas a Bam HI site was found within the inserted sequence of four recombinants. For nucleic acid sequencing, restriction fragments were end-labelled by either polynucleotide kinase (13) or reverse transcriptase (14) and subjected to chemi-cal degradation by the method of Maxam and Gilbert (13)^ These four plasmids also gave relatively strong hybridization signals with mouse MT-cDNA probe (11) on a Southern blot (15) (data not shown). Of these plasmids, the one with the longest insert was chosen for further analysis. The nucleotide sequence of MT-II mRNA
Plasmid DNA was prepared from the clone described above; it was labelled at its Bam HI site with a-32p_ < jQr r p an( j reV erse transcriptase (14) , and the nucleotide sequence around this site was determined by the method of Maxam and Gilbert (13)-The sequence in one direction encoded almost the complete peptide sequence (amino acids 3-61) of human MT-II. This insert sequence was subsequently completely derived ( Fig. 2) and the plasmid designated phMT -3. The coding region in phMT -3 is flanked by 57-and 128-nucleotide-long 5' and 3' untranslated regions, respectively.
The coding region predicts a peptide sequence clearly identical to human MT-II, as previously reported (16), with the exception of residues 58 and 59• which are actually conserved with respect to the rodent MT sequences (1,18) and have recently been reassigned in the human (Kagi, J.H.R., personal communication). Both the location of the Pvu II site and repeated nucleotide sequence analysis across this region verified the sequence shown (Fig.  2) . The 5' untranslated region, although apparently almost full-length (73 nucleotides in mouse MT-I; ref. 19) , may contain ambiguities introduced during the cloning procedure (20, 21) and will therefore require verification by sequence analysis of the chromosomal gene. The 3 1 untranslated region may also be incomplete since it lacks a poly(A) tract. Nevertheless, it does contain two AAUAA sequences commonly found near the 3' end of eukaryotic mRNA sequences (17) .
Amino acid position 11 in the human MT-II sequence is an aspartic acid residue (16) and its codon (GAY) forms part of a (17) . The cloned sequence is flanked by 21 G residues and 18 C residues at the 5 1 and 3' termini, respectively.
Hinf I restriction endonuclease recognition site (Fig. 2) . In the human MT-I sequence this amino acid residue is a glycine (GGN) (l), and therefore this Hinf I site should be absent. In each of the cloned MT cDNA sequences analyzed, this Hinf I site is present; we therefore conclude that they all encode the MT-II peptide and not MT-I. Table I 
